Objectives This study is aimed at the evaluation of countermeasures in terms of the total number of patients and deaths, the number of vaccine doses used, and the time for eradication as examined through simulations of the outbreak of smallpox following a bioterrorist attack in the center of Okayama City. Three countermeasures were considered: traced vaccination (TV), mass vaccination (MV), and school closure. Methods An individual-based model was adopted, in which every individual is assigned their own personal information, behavioral pattern, and interactions among social settings to simulate the situation on a realistic basis. The influence of residual immunity obtained by past vaccination reflected age-dependent immunity to smallpox in Japan.
Introduction
In recent years, numerous terrorist attacks have occurred around the world. The weapons used in bioterrorism are easily and inexpensively manufactured; thus bioterrorism is regarded as a significant threat. Smallpox is monitored as a dangerous virus because the US Centers for Disease Control and Prevention (CDC) have shown smallpox to be a biological weapon with high infectiousness and mortality [1] . The World Health Organization (WHO) declared that smallpox was eradicated from the whole world in 1980. Because smallpox was eradicated from Japan in 1956, regular vaccination against smallpox ended in Japan in 1976 [2] . Therefore, the population of nonimmune young people has increased since then [3] .
The present study attempted to predict the effectiveness of countermeasures against bioterrorism and the scale of loss through simulations of various scenarios of bioterrorism using smallpox. The center of Okayama City, the capital of Okayama Prefecture in the western part of the main island of Japan, which has a population of about 400,000, was chosen as the target region.
Fenner et al. [4] studied the symptoms of smallpox and the history of its eradication. There have been a number of studies on bioterrorism using smallpox on the basis of mathematical models. Kaplan et al. [5] examined the effectiveness of traced vaccination (TV) and mass vaccination (MV) strategies using a deterministic model. In TV, which is recommended by the CDC, patients are traced and persons who came into contact with those patients are vaccinated [6] , while in MV, all persons are vaccinated in a certain region. Nishiura et al. [7] investigated the influence of residual immunity in Japan by means of a deterministic model. Kretzschmar et al. [8] took advantage of the basic reproductive number and the effective reproductive number by means of a stochastic model. Longini et al. [9] set the behavioral pattern for each level of disease severity, and Eubank et al. [10] set behavioral patterns dependent on age groups and social setting. Riley et al. [11] investigated countermeasures for the whole of Great Britain.
In this article, a smallpox outbreak in the center of Okayama City is examined using an individual-based model (IBM) in which every individual is assigned personal information such as age and home address, behavioral pattern such as movement between home and workplace, and interactions among social settings. In Japan, the majority of people born after 1977, between 1970 and 1976, and before 1969 have been vaccinated none, once, and more than two times, respectively [12] . The influence of residual immunity due to past vaccination was reflected in the severity of symptoms and the efficacy of vaccination.
The efficacies of various scenarios of a TV strategy with respect to the length of the necessary tracing period, of a MV strategy with respect to the number of school districts vaccinated at the same time and the time limit per school district, and of school closure against bioterrorism were examined. In addition, scenarios of carrying out both TV and MV simultaneously and in combination with school closure were investigated.
In this article, the efficacy of countermeasures in terms of the total number of patients and deaths, the number of vaccine doses used, and the time for eradication were verified by carrying out simulations of an outbreak of smallpox. According to the results of the simulations, although performing TV succeeded in gradually decreasing the number of patients, it was difficult to eliminate the smallpox epidemic rapidly, and the maximum success rate for elimination within 200 days in 300 trial simulations was assessed to be 63.3%. The scenario of performing MV in 10 school districts at the same time within 2-day periods showed the highest effectiveness of all scenarios and the mean number of total patients and deaths, and the success rate for elimination within 200 days were 50.5, 8.3, and 100%, respectively. The scenario of performing both TV and MV simultaneously was much more effective than the scenarios with TV or MV individually. In the scenario with school closure only, the epidemic reached a peak at 173 days, which was later than the no-intervention scenario. By performing TV or MV accompanied by school closure, the number of patients decreased more rapidly than with TV or MV individually. Consequently, performing MV, or both TV and MV simultaneously, with school closure showed high effectiveness against a smallpox epidemic initiated by a bioterrorist attack.
Materials and methods

Natural history of smallpox
The progress of smallpox is separated into three stages, namely incubation, fever (prodromal), and rash periods [4] . Generally, the incubation, fever, and rash periods last 7-17, 1.5-4.5, and 4.5-12.5 days, with means of 12, 3, and 8.5 days, respectively [4] . Patients with smallpox in the early rash period have the highest infectiousness, while there is a low risk of infection just before the rash period [4] . Smallpox occasionally causes patient fatality at 7-17 days after fever or patients recover after the rash period [4] .
In Japan, smallpox was eradicated in 1956 [2] . Consequently, the regular vaccination program for smallpox was ended in 1976. Therefore, the number of nonimmune young people has increased since then [3] . The majority of people born before 1969, between 1970 and 1976, and after 1977 have been vaccinated more than two, one, and zero times, respectively [12] . In 2004, Takeuchi et al. measured the antibody titer of smallpox in 120 individuals and reported that 67 of 83 individuals who had been vaccinated one or more times had 4 times neutralizing-antibody, especially 22 individuals had 32 times neutralizing-antibody, and that the other 37 individuals had not more 3.4 times neutralizing-antibody [13] .
Transmission model of smallpox
In the model for the transmission of smallpox, the population was divided into five classes: negative, incubation, fever, rash, and recover. The patients were classified into three severity types: ordinary, modified, and hemorrhagic, according to severity of symptoms [4] . Patients of the modified type have lower infectiousness than those of the ordinary type, but modified-type patients may spread more smallpox infection because of the difficulty in recognizing them. Patients of the hemorrhagic type have severe symptoms, higher infectiousness, and higher mortality compared with ordinary-type patients [4] .
Although Arita pointed out that the residual immunity derived from past vaccinations was indistinct [12] , the present model supposed the effect of residual immunity on the suppression of infection or symptoms. In this model, it was considered that the immunity obtained by vaccination before 1976 persists to the present day [13] . Hence, the negative class (residual immunity class) was subdivided into three subclasses (A-C) according to the administration Each negative subclass had a different probability of infection on contact with an infectious patient [12] . Because of the high residual immunity of the negative subclass A, it was assumed that 10% of this subclass have full protection, and that 80%, 10%, and 0% developed modified-, ordinary-, and hemorrhagic-type smallpox, respectively, while because of low residual immunity in negative subclass B, it was assumed that 30%, 67%, and 3% developed modified-, ordinary-, and hemorrhagic-type smallpox, respectively. For negative subclass C, it was assumed that 95% and 5% developed ordinary-and hemorrhagic-type smallpox, respectively ( Table 1 ). The length of the incubation period was assumed to be dependent on severity type (A-C), and was set at 10-14 days for ordinary and modified type and 8-15 days for hemorrhagic type ( Table 2 ). The fever and rash periods were fixed at 3 and 9 days, respectively, under the assumption that the fever and rash periods are independent of severity type.
The infectiousness of smallpox is dependent on both severity type and progress of symptoms. Patients in the early rash period had the highest infectiousness, while those in the fever period had low infectiousness [4] . In the model, the infectious period lasted 2-12 days from the 2nd day of the fever stage. Two factors related to infectiousness were introduced: ''base'' and ''multiplier'' [14] . The baseline of infectiousness was set as the infectiousness of the ordinary type on the 2nd day of the fever stage. ''Multiplier'' stands for the relative factor of the infectiousness of modified and hemorrhagic types compared with the baseline (infectiousness of the ordinary type), which were set at 0.33 and 5, respectively (Table 3) .
Death from smallpox occurred after a 7-12 days incubation period. Mortality from smallpox was set as 0.1, 0.3, and 1 according to the severity types of modified, ordinary, and hemorrhagic, respectively [4, 9] .
The model scheme for the transmission dynamics of smallpox is shown in Fig. 1 .
Structure of the targeted area
In this article, the center of Okayama City, which is the capital of Okayama Prefecture in the western part of the main island of Japan and had a population of 412,992 in 2006 [15] , was chosen as a target region to simulate an outbreak of smallpox. The center of Okayama City was divided into its 37 school districts, and all the school districts were assigned a population on the basis of the demographic census [15] . Crowds of people from all the school districts gather in the central school district where the central station and many shopping malls are located.
The age distribution in Okayama City in 2006 is shown in Fig. 2 ; the sex ratio of males to females in Okayama City was 48:52 [15] . It follows from the age distribution in Okayama City that the proportions of three subclasses (A-C) were estimated as 32.9%, 11.2%, and 55.9%, respectively [15] . There were 169,270 households in the targeted region [15] . In this article, it was assumed that each household was composed of 1-7 individuals, with the proportions as set out in Table 4 , i.e., one-person households were composed of one-person more than 18 years old, two-person households were composed of a couple of a man and a woman more than 18 years old and within 5 years disparity in age, and those households with more than three persons were composed of a couple and their children or parents with more than 20 years disparity in age between generations.
Individuals were classified into four roles: nonworker, worker (except for healthcare worker), student, and healthcare worker (HCW), the proportions of which were estimated as 20%, 68%, 10%, and 2%, respectively (Table 5 ) [15] .
In this article, three kinds of social settings: school (kindergarten, elementary, junior high, high, and college), workplace, and hospital (only general hospital) were considered. The numbers of these social settings were estimated from the demographic census [15] . The population size of workplaces was assumed to be 15 persons to generate an appropriate mass of close contact. Students of ages 5-6, 7-12, 13-15, 16-18, and 19 years or over attend kindergarten, elementary, junior high, high, and college, respectively (Table 6 ).
Behavioral patterns of the population in the targeted region
In this article, it was supposed that ''close contact'' occurs in a social setting and that ''casual contact'' occurs accidentally during trips or shopping. The relative infectiousness in each contact is tabulated as compared with that in household contact in Table 7 . It was assumed that students in primary school-college belonged to classes of 30 persons, and that the risk of infection in close contact in school decreased by degrees within the class, the age group, and the overall size of the school, while only one class was set per kindergarten. A very low probability was set for the risk of infection from casual contacts [4] . The relative risk of infection from casual contacts between residents of a school district and a patient was considered for three cases: (a) staying within their own school district, (b) visiting other school districts except for the central school district, and (c) visiting the central school district. In-hospital infection was not considered. Longini et al. [9] and Burke et al. [14] considered a change in the behavioral pattern of patients according to their disease severity. So, a different behavioral pattern was set for patients than for nonpatients (Table 8 ) [9, 14] .
It was assumed that 20% of HCW were engaged in the
An IBM targeting the population of 412,992 was constructed by setting the above behavioral patterns.
Vaccination priority
It is natural to determine a vaccination priority with consideration of residual immunity [12] . On index patients being recognized, the present model adopted the following vaccination priority: (1) HCW, (2) residual immunity subclass C, (3) residual immunity subclass B, and (4) residual immunity subclass A.
Efficacy of vaccination
The LC16m8 strain that is used for smallpox vaccine in Japan has a protective efficacy of almost 100% in nonpatients, high efficacy in patients within 4 days after infection, and low efficacy at 4-7 days after infection, but almost no efficacy from 8 days after infection [3] . It was assumed that the efficacy of vaccination depended on the time of vaccination and residual immunity subclass, i.e., the efficacy of vaccination reduced in the order A, B, and C (Table 9) .
A mortality of 10 -6 among known side-effects of the LC16m8 strain was considered [3] .
Countermeasures
This article covers a TV strategy, MV strategy, and school closure as countermeasures. It was assumed that these countermeasures would be carried out for 5 days from the identification of the index patient. In the TV strategy, persons who have probably come into contact with patients diagnosed with smallpox were traced and vaccinated. Possible tracing to the household and the social setting of the patients was limited to success rates of 0.9 and 0.7, respectively, while it was impossible for casual contacts to be traced. It was studied whether an increase in the necessary tracing period from 1 to 3 days would influence the smallpox epidemic. On the other hand, a MV strategy for the people in the area of the outbreak of smallpox was also assessed. The MV program would be executed for every school district. It was examined how the shift in the number of school districts performing MV at the same time from 1 to 2 or more, or a shift in the time period of MV from 1 to 2 days, would influence a smallpox epidemic from the viewpoint of HCW resources. After the time limit of the MV program in one school district, the MV program would move to another school district.
Moreover, the influence of school closure on the epidemic was investigated, which was continued until the eradication of smallpox.
Results
To examine the influence of TV and MV strategies and school closure on smallpox epidemics, 300 trial stochastic simulations of 14 scenarios were carried out for smallpox epidemics initiated by a bioterrorist attack. The period of simulation was set as up to 200 days to assess the swift eradication of the epidemic. Twenty index patients were introduced in the beginning for every scenario.
In the baseline scenario 1, there were no interventions. In scenarios in which only TV was performed (2-4), the necessary trace period was set to 1, 2, and 3 days. In scenarios in which only MV was performed (5-10), the number of school districts performing MV at the same time was changed among 1, 5, and 10, and also the time limit of MV in one school district from 1 to 2 days. The more school districts performing MV at the same time, the lower the number of doses of vaccine administered per day per school district because of the dispersion of HCWs. In scenario 11, both TV and MV were carried out simultaneously. In scenarios 12-14, the influence of combining school closure with other strategies was studied. These scenarios are summarized in Table 10 . Table 11 shows the mean numbers of total patients, total deaths, and total doses of vaccine administered with 95% confidence intervals, and the success rate of elimination within 200 days for the 14 scenarios.
Scenario 1
In the baseline scenario, a mean of 71.4% and 15.0% of the entire population in 300 trial simulations would be infected and die, respectively. It was impossible to eradicate smallpox within 200 days in any of the 300 trial simulations (Fig. 3) . The influence of a change in the necessary tracing period for TV was investigated (Fig. 4) . The number of patients decreased gradually in every scenario. The total number of patients in the scenario with 3 days necessary for the tracing period for TV (scenario 4) would be more than those for tracing periods of 1 and 2 days (scenarios 2 and 3). Scenarios 2-4 succeeded in controlling the outbreak within 200 days at rates of 63.3%, 59.0%, and 52.7% in 300 trial simulations, respectively.
Scenarios 5-7
The influence on the epidemic of changing the number of school districts performing MV at the same time was compared with a 1-day limit (Fig. 5 ). For 1 and 5 school districts performing MV at the same time (scenarios 5 and 6), the mean number of total patients was 83.5 and 55.3 and the mean number of total deaths was 15.5 and 8.8, respectively, which showed the high effectiveness of the MV strategy in the reduction of the numbers of total patients and deaths. For 10 school districts performing MV at the same time (scenario 7), the number of patients was still increasing at 200 days after the outbreak. The success rate of elimination within 200 days for scenario 7 was assessed to be 59.3% in 300 trial simulations.
Scenarios 8-10
The influence on the epidemic of altering the number of school districts performing MV at the same time with a 2-day limit was compared ( Fig. 6 ). All scenarios succeeded in eliminating the outbreak within 200 days in all 300 trial simulations. For 5 and 10 school districts performing MV at the same time (scenarios 9 and 10), the mean number of total patients was 55.5 and 50.5, and the mean number of total deaths was 9.4 and 8.3, respectively. Scenario 10 showed the highest effectiveness in reducing the total number of patients and deaths among the 14 scenarios. For only one school district performing MV at the same time (scenario 8), the number of patients would increase at 82 days after the start of the outbreak and thereafter decrease rapidly.
Scenario 11
Scenarios performing TV or MV alone (scenarios 4 and 7) were compared with the scenario performing both TV and MV simultaneously (scenario 11) (Fig. 7) . Scenario 11 was the combination of scenario 4 with scenario 7. Scenarios 4 and 7 could not succeed in eliminating the outbreak within 200 days in 300 trial simulations. In scenario 11, the mean numbers of total patients and deaths were 58.9 and 8.9, respectively.
Scenario 12
Scenario 12 compared performing school closure only with the baseline scenario 1 (Fig. 8) . In scenario 12, the number of patients was still increasing at 200 days after the start of the outbreak, and it was impossible to eradicate the outbreak within 200 days in 300 trial simulations. In scenario 12, the peak of the epidemic was delayed by 173 days in comparison with scenario 1. Scenario 13 with TV accompanied by school closure was compared with scenario 3 involving only TV (Fig. 9) . The mean number of total patients and deaths in scenario 13 was 124.6 and 13.0, which was lower than those in scenario 3. The success rate of elimination within 200 days for scenario 13 was assessed to be 72.0% in 300 trial simulations.
Scenario 14
Scenario 13 with MV accompanied by school closure was compared with scenario 8 involving only MV (Fig. 10) . The mean number of total patients and deaths in scenario 14 was 117.1 and 25.6, which was lower than those in scenario 8. In scenario 14, the number of patients decreased rapidly.
Discussion
This report examines simulations of a smallpox outbreak as a result of a bioterrorist attack in the center of Okayama City using IBM, in which every individual is assigned personal information, a behavioral pattern, and interactions among social settings to simulate the situation on a realistic basis.
The center of Okayama City that has a population of about 400,000 was chosen as the target region because Okayama City, with a whole population of about 700,000, is recognized as a typical medium-sized city in Japan. The target area was divided into 37 school districts, so that each district has about 20,000 people, which is an adequate scale for a local society. It is appropriate to draw from a realistic situation because the activity of a child is limited to their own school district. Thus, the division of the targeted region into school districts fits an IBM approach.
In this article, the influence of residual immunity obtained by past vaccination allowed the model to reflect age-dependent smallpox immunity in Japan. However, assumptions on how much residual immunity could influence the severity of symptoms and the efficacy of current vaccination had to be made due to the lack of data [12] .
Three types of countermeasures were considered: TV, MV, and school closure. After the inhabitants are provided with information concerning an occurrence of bioterrorism, there is the possibility that they will be banned from leaving home [3] . It will be necessary to include this possibility among the countermeasures in further studies.
The efficacy of the scenarios in terms of the total numbers of patients and deaths, the number of vaccine doses used, and the time for eradication of the smallpox epidemic was investigated in the present study.
In the baseline scenario 1, the mean number of patients in 300 trials reached 71.4% of the entire population. As no intervention resulted in greater loss of life, it was confirmed that countermeasures would be required for rapid eradication.
Although performing TV alone (scenarios 2-4) succeeded in gradually decreasing the number of patients, it was difficult to eradicate the epidemic rapidly, which was because TV can trace close contacts but cannot do so for casual contacts. An advantage of TV was that fewer doses of vaccine were required for TV scenarios than for other scenarios. A change in the necessary tracing period from 1 to 3 days in TV was investigated. The longer tracing period was less effective, with increased numbers of patients and deaths, which confirms the necessity of prompt tracing of infected patients.
Among MV scenarios 5-10, scenario 10 with MV performed within a 2-day period at the same time in 10 school districts had the lowest loss of life, while scenario 7 with MV performed over a 1-day period in 10 school districts had difficulty eradicating the smallpox epidemic within 200 days. The difference between the 1-and 2-day administration periods (scenarios 7 and 10) of MV led to widely divergent results. The reason was the insufficient number of vaccinations administered to the entire population of each school district in only 1 day in scenario 7 due to the widespread dispersion of HCW to 10 school districts, while it was adequate to vaccinate most of population in the targeted school districts within 2 days in scenario 10. The number of doses of vaccine required for MV for 200 days was about 10 times as many as in TV because MV targets the entire population.
In scenario 11, performing both TV and MV simultaneously by the combination of TV scenario 4 and MV scenario 7 resulted in rapid eradication of the smallpox epidemic and a reduction in the number of patients and deaths compared with scenarios 4 or 7, while performing TV for 3 days (scenario 4) or performing MV for 1 day in 10 school districts (scenario 7) could not attain eradication of the outbreak within 200 days. It was confirmed that combination of two scenarios of lower effectiveness could have higher effectiveness.
School closure alone (scenario 12) delayed the peak of the epidemic by 173 days in comparison with the baseline scenario 1 (no intervention). Even if the beginning of TV or MV was delayed, school closure could reduce loss of life. The decrease in the number of patients with TV or MV in combination with school closure was faster than that by TV or MV without school closure.
It was concluded that MV was more effective in the suppression of the number of patients and deaths and provided more rapid eradication of the smallpox epidemic than TV, and that performing both TV and MV simultaneously was much more effective than TV or MV singly and saved 100,000 or more doses in comparison with MV scenarios that succeeded in 100.0% eradication. In this article, it was assumed that countermeasures were started 5 days after diagnosis of the index patients. However, if the beginning of countermeasures was delayed, the number of patients would surely increase. School closure is performed easily and can suppress the rise in the number of patients and delay the peak of the epidemic. It is therefore advisable to carry out MV, or both TV and MV simultaneously, with school closure.
